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ABSTRACT: Crosslinked hydrophilic poly(2-oxazoline)-based nanofibers amenable to facile 
multi-functionalization are fabricated using alkene-containing poly(2-alkyl-2-oxazoline)s (PAOx) 
via in situ photo-initiated radical thiol-ene conjugation during electrospinning. The resulting 
crosslinked nanofibers are demonstrated to be multi-functionalizable using different chemistries 
as they contain two functional handles, being the alkene moieties from the parent copolymer and 
the residual thiol groups from the tetra-thiol based crosslinker. While the thiol groups in these 
nanofibers could be passivated or conjugated to install functional molecules through thiol-
maleimide conjugation, the alkene groups could sequentially be modified with thiol-containing 
molecules using photo-initiated radical thiol-ene reactions. Utilization of the photochemically 
induced conjugation of thiol-bearing molecules to the alkene groups on the nanofibers is used to 
obtain functionalization in a spatially controlled manner.     
	  
Polymeric nanofibers have emerged as attractive building blocks for various functional 
materials that find applications in several areas of materials and biomedical sciences.1-3 Unique 
properties of nanofibers such as very high surface to volume ratio, high porosity and structural 
similarity to the biological extracellular matrix render them with attractive attributes for various 
applications. Fabrication of polymeric nanofibers is readily achieved using electrospinning, a 
simple and robust technique.4,5 A high electric field applied to the droplet of a polymer solution 
or melt extruded from the tip of a spinneret results in ejection of a charged jet to the collector, 
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which is the counter electrode. Solvent evaporation and whipping of the jet during the flight 
leaves a non-woven nanofibrous mesh on the collector.  
While the nanofibrous morphology provides advantages like increased surface area, it is often 
necessary to append functional moieties onto these nanofibers to tailor them for particular 
applications. This necessitates development of facile methodologies for their efficient 
functionalization under mild conditions. Prior attempts at creating surface active nanofibers from 
non-reactive polymers involve plasma or wet chemical treatments to install carboxylic acids and 
alcohols.6,7 These treatments are harsh, possess limited efficiency and can compromise the 
mechanical stability of the nanofibers. An attractive alternative is electrospinning of nanofibers 
from polymers possessing reactive handles. Advances in ‘click’ reaction based post-
polymerization functionalization over the past several years have made such conjugations routine 
for accessing functional materials.8-10 To date, click reactions such as copper catalyzed Huisgen 
azide-alkyne cycloaddition,11 strain-promoted azide-alkyne cycloaddition,12,13 radical thiol-ene,14 
Michael additions,15 and the Diels-Alder cycloaddition reactions16 have been employed for 
nanofiber modifications.17 Until recently, multifunctional nanofibers remained largely unexplored 
beside the recent elegant example of ‘tri-functionalizable’ nanofibers by the Becker group,18 
where they co-electrospun two different caprolactone-based copolymers containing three 
different reactive handles, and functionalized them with various dyes and peptides.  
While noteworthy advancements have been made in the area of functionalizable synthetic 
nanofibers, most studies have focused on fibers obtained using hydrophobic polymers. 
Approaches towards fabrication of hydrophilic electrospun fibers are quite limited since as spun 
fibers will dissolve in aqueous media unless stabilized through physical or chemical crosslinking. 
Most of the studies in this direction have focused on poly(vinyl alcohol) which has been 
chemically crosslinked using treatment with glutaraldehyde.19 More recently, Burdick and 
coworkers reported the electrospinning of norbornene-functionalized hyaluronic acid together 
with a dithiol and subsequent post-electrospinning UV-crosslinking.20 The resulting crosslinked 
nanofibers could be further modified with thiols through thiol-ene chemistry. Given the 
significance of hydrophilic nanofibrous substrates in biological applications such as sensing or as 
scaffold materials, facile access to such fibers that can be functionalized in a modular fashion is 
quite important. Extension of various crosslinking methodologies to other classes of polymers 
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than those mentioned above is also a must to expand the utility of these nanofibers in various 
biomedical areas. 
In recent years, poly(2-alkyl-2-oxazoline)s (PAOx), tertiary amide analogues of polypeptides, 
obtained using cationic ring-opening polymerization of the 2-oxazoline monomers have emerged 
as an important class of polymers suitable for various biomedical applications due to their 
resemblance to poly(ethylene glycol)s with regard to biocompatibility and ‘stealth’ behavior.21-24 
Utilization of ‘clickable’ functional group bearing initiators and monomers provides well-defined 
copolymers that can undergo both side chain and end group functionalization.25-28 Among the 
various available ‘click’ type transformations, the radical thiol-ene reaction has been extensively 
employed due to its mild and metal catalyst-free conditions.29,30 Thiol-ene chemistry in 
combination with PAOx was first reported by Schlaad and coworkers,31 after which it has 
become a popular tool as the ene-group can be introduced in the monomer and does not interfere 
with the living cationic ring-opening polymerization.32-39Among the limited number of reports on 
PAOx based nanofibers, electrospinning of poly(2-ethyl-2-oxazoline) (PEtOx) was reported by 
Iruin and coworkers to obtain non-crosslinked nanofibers.40 Also, composite nanofibers were 
obtained by electrospinning an aqueous solution of PEtOx and Co(CH3COO)2.4H2O which were 
then calcined to yield ceramic nanofibers.41 Recently, Groll and coworkers reported the melt 
electrospinning of PEtOx resulting in fibers with diameters between 8 to 138 µm.42 
Here we report, for the first time, the fabrication of multifunctional hydrophilic nanofibers 
using in-situ UV-crosslinking of poly(2-oxazoline) copolymers with a thiol-containing 
crosslinker during electrospinning. The alkene moiety of poly(2-ethyl-2-oxazoline-co-2-(but-3-
enyl)-2-oxazoline) (P(EtOx-co-ButEnOx)) was used for crosslinking via the photochemical 
radical thiol-ene reaction in the presence of a tetra-thiol and a photoinitiator (Figure 1). After 
their fabrication, multi-functionalization of these crosslinked fibers in a modular fashion by 
modification of the remaining thiol and ene groups from the crosslinker and the polymer, 
respectively, was probed through attachment of two different fluorescent dyes via the radical 
thiol-ene and Michael-type nucleophilic thiol-ene conjugation reactions using the residual alkene 
and thiol groups, respectively. Furthermore, spatially controlled functionalization of crosslinked 
nanofibers was also demonstrated via radical thiol-ene reaction in the presence of a thiol-
appended fluorescent dye and photoinitiator upon irradiation through a photomask. 
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Figure 1. Schematic illustration of fabrication of PAOx-based crosslinked nanofibers using in situ 
UV-crosslinking during electrospinning and their subsequent multifunctionalization. 
	  
Nanofibers were prepared by solution electrospinning of the alkene-side chain containing 
polymer P(EtOx-co-ButEnOx) in the presence of pentaerythritol tetrakis(3-mercaptopropionate) 
as the thiol containing crosslinker and 2,2-dimethoxy-2-phenylacetophenone (DMPA) as the 
photo initiator under irradiation with an UV lamp (365 nm) during electrospinning. It was 
envisioned that the alkene functionalized PAOx will undergo crosslinking via the radical thiol-
ene reaction as the fibers are deposited on the collector. Following optimization experiments, a 
52 wt% solution of the polymer in DMF:THF (1:1) was found to produce bead-free fibers with an 
average diameter of 542 nm ± 231 nm through electrospinning of the relatively low molar mass 
PAOx with a number average molar mass of 18,0 kg/mol and a dispersity of 1.14 (Figure 2a). 
Nanofibers were produced using varying stoichiometry of alkene:tetrathiol:DMPA, and thereafter 
subjected to rinsing with water to examine their stability due to crosslinking. When electrospun 
fibers obtained using molar ratios of 30:5:1, 30:10:1, 30:10:4 (alkene:tetrathiol:DMPA) were 
used, the fibers were not stable in aqueous environments and mostly underwent dissolution. It 
was only upon addition of a higher amount of the tetrathiol crosslinker (30:20:4) that robust 
nanofibers were obtained that were stable in water, and maintained their fibrous morphology, for 
prolonged periods of time (Figure 2b).  Requirement of a higher amount of the tetra-thiol based 
5	  
	  
crosslinker is not unexpected since this low molar mass component does not possess 
entanglements like the polymer chains and tends to partially evaporate after ejection from the 
nozzle during electrospinning. Interestingly, an alternative approach where similar combination 
of polymer, tetrathiol and DMPA was electrospun to yield fibers, followed by UV-irradiation 
after electrospinning did not yield fibers resistant to dissolution, perhaps due to inefficient 
crosslinking resulting from low chain mobility in the dry nanofiber. Stable non-dissolving 
nanofibers were not achievable in the absence of either the tetrathiol or UV-irradiation. 
Furthermore, the presence of the ester carbonyl groups belonging to the tetrathiol in the 
crosslinked nanofibers was evidenced by FT-IR spectroscopy supporting that crosslinking takes 
place via chemical conjugation by thiol-ene reaction (Figure S-1).  
Apart from tunable hydrophilicity, the PAOx are also known to exhibit thermoresponsive 
behavior dependent on their side chain functionality and composition.43 The P(EtOx-co-
ButEnOx) copolymer study here was found to exhibit a lower critical solution temperature and a 
cloud point temperature of 75 oC in a 5 mg/mL aqueous solution. We examined whether the 
surfaces coated with these nanofibers also show thermoresponsive wetting behavior. The contact 
angle of a droplet of water on these surfaces was 70o at 25 oC while a significant increase to 90o 
was observed upon heating to 70 oC (Figure 2c). When the surfaces were cooled back to room 
temperature, the contact angle returned to 70o. These fibers could reversibly be cycled between 
these two wettability states by simple heating and cooling treatments (Figure S-2). 
 
 
 
Figure 2. SEM images of nanofibers a) dry b) after immersion in water for 48h and c) 
thermoresponsive behavior of nanofibers probed with change in water contact angle with 
temperature. 
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A closer examination of the functionality of the polymer and crosslinker (Figure 3) suggests it 
is possible to obtain an insoluble network long before complete consumption of the alkene and 
thiol groups. The hypothetical availability of these two functional handles should allow 
attachment of different molecules through two different reactions. The residual alkenes can be 
conjugated with thiol containing molecules using the radical thiol-ene reaction (Route A, Figure 
3). Alternatively, nucleophilic thiol-maleimide conjugation can be used to attach desired 
molecules using the residual thiol groups arising from the crosslinker (Route B, Figure 3). 
Furthermore, these fibers can be sequentially treated with maleimide & thiol containing 
molecules to accomplish multi-functionalization (Route C, Figure 3).  
 
 
Figure 3. Functionalization of P(EtOx-co-ButEnOx) nanofibers. 
 
First, functionalization of residual alkene groups was investigated. Nanofibers were exposed to 
a thiol-containing fluorescent dye, namely, BODIPY-SH, in the presence of DMPA under UV 
irradiation. After rinsing of the fibers with THF to remove residual unbound dye, fibers were 
examined via fluorescence microscopy. Bright green fluorescence of the dye functionalized fibers 
suggested efficient dye conjugation. Not surprisingly, as a control experiment, when fibers were 
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treated with the dye alone without any UV-exposure, a faint green fluorescence was clearly 
observable on the fibers indicating attachment of the thiol-containing dye, albeit in low efficiency 
(Figure S-3). It was likely that this occurs due to the presence of residual thiol groups on the 
fibers that form disulfide linkages with the thiol containing fluorescent dye. Indeed, the presence 
of residual thiol functional was confirmed using Ellman’s reagent based on the appearance of a 
distinct absorbance at 412 nm belonging to the pyridothione fragment that is released into 
solution after reaction with the fibers. (Figure S-4). To probe this further, we treated the as spun 
nanofibers with N-ethylmaleimide to passivate the thiol groups before treatment with BODIPY-
SH in the absence of UV irradiation. As anticipated, negligible fluorescence was observed for 
these fibers that only possessed the alkene groups (Figure 4a inset). In contrast, nanofibers 
passivated with N-ethylmaleimide, when irradiated with UV in the presence of BODIPY-SH and 
DMPA, showed strong green fluorescence, indicating efficient functionalization (Figure 4a). 
Notably, three individual batches of crosslinked nanofibers obtained under identical conditions 
contained similar amounts of residual thiols (4.63 ± 0.45 x 10-5 mmol/mg) upon Ellman analysis, 
as well as exhibited similar fluorescence upon functionalization with dyes.  
 
 
 
Figure 4. Fluorescence microscopy images of a) BODIPY-SH treated nanofibers via thiol-ene 
reaction after N-ethylmaleimide conjugation (inset: control without UV exposure after N-
ethylmaleimide) b) rhodamine-maleimide treated nanofibers (inset: after N-ethylmaleimide 
conjugation). 
 
Thiol groups on the crosslinked nanofibers were examined towards functionalization via 
Michael-type reaction using a maleimide-functionalized rhodamine dye. After incubation for 4 h, 
unbound dye was washed off with excess methanol. The red fluorescence of the nanofibers 
observed using fluorescence microscopy confirmed successful conjugation of the dye (Figure 
4b). As a control, fibers were first treated with N-ethylmaleimide in order to passivate the free 
thiols and then treated with the maleimide-appended rhodamine dye. After incubation for 4 h 
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fiber coated surfaces were washed with methanol. Inspection of the fluorescence images shows 
relatively weak signal when compared to the non-passivated fibers (Figure 4b inset). 
To demonstrate spatial control of the nanofiber functionalization, an exclusive advantage of 
using the photochemically promoted radical thiol-ene based conjugation strategy, attachment of 
BODIPY-SH under UV exposure through a photomask was probed. For this purpose, nanofibers 
were electrospun on silicon wafers and treated with N-ethylmaleimide to passivate the residual 
thiol groups. Thereafter, the fibers were imbibed with a mixture of BODIPY-SH and DMPA in 
THF and a photomask was placed on the fiber coated surface. After exposure to UV irradiation, 
the photomask was peeled off, unbound dye was rinsed off with THF and the nanofiber coated 
surface was dried under nitrogen. Successful patterning was clearly observed with fluorescence 
microscopy (Figure 5). 
 
 
 
Figure 5. Photo-patterning of P(EtOx-co-ButEnOx) nanofibers with BODIPY-SH. Photo-
patterning of P(EtOx-co-ButEnOx) nanofibers with BODIPY-SH.  
 
The dual-functionalization capacity of these nanofibers sequential conjugation of maleimide-
rhodamine using thiol-maleimide coupling, followed by attachment of BODIPY-SH under 
photochemical radical thiol-ene conditions was performed. After attachment of the first dye, 
unreacted dye was removed by thoroughly rinsing the fibers with methanol. Analysis of these 
fibers using fluorescence microscopy demonstrated that both dyes were efficiently attached onto 
the nanofibers, unambiguously demonstrating their multi-reactive nature (Figure 6). 
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Figure 6. a) Step-wise Dual functionalization. Fluorescence images of sequentially functionalized 
nanofibers with b) rhodamine maleimide and c) BODIPY-SH and d) dual-functionalized (merged 
image). 
 
In conclusion, fabrication of crosslinked hydrophilic nanofibers that are amenable to facile 
multi-functionalization is accomplished in a single step using an in situ thiol-ene crosslinking 
during electrospinning. Hydrophilic polymers containing pendant alkene moieties are crosslinked 
using a tetra-thiol to provide robust electrospun fibers. These nanofibers readily undergo dual-
functionalization under mild conditions using the nucleophilic thiol-maleimide and the 
photochemical radical thiol-ene conjugations. It can be envisioned that facile fabrication and 
functionalization of these PAOx-based materials, an upcoming surrogate of the widely utilized 
PEG-based biomaterials, will make these nanofibers attractive candidates for many applications. 
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